Objective: The initial attachment of transplanted chondrocytes to the surface of a cartilage defect is crucial for the success of chondrocyte transplantation. The purpose of this study was to investigate the early interaction of chondrocytes with the deep or calcified zones of cartilage or the subchondral bone, joint surfaces to which transplanted chondrocytes might have to attach in vivo.
Introduction
Articular cartilage when damaged has limited, if any, ability for repair especially if the defect is confined to cartilage 1, 2 . A variety of reasons for this have been postulated such as the inability of chondrocytes to migrate into the site of injury, the avascular nature of cartilage, and the absence of repair elements such as the ingrowth of mesenchymal cells and a fibrin clot scaffold into which the cells can migrate 1 . Several surgical approaches have been developed to treat cartilage defects one of which is autogenous chondrocyte transplantion 3, 4 . This treatment consists of placing chondrocytes into a cartilage defect and oversewing a periosteal flap to help retain the cells 5, 6 . The success of this procedure depends in part on the initial attachment of the transplanted chondrocytes to the cartilage. Chondrocytes can adhere to both devitalized and live cartilage [7] [8] [9] [10] , but whether they can attach to calcified cartilage or bone has not been established. Chondrocytes express integrins, annexin V, and CD44 all of which could mediate attachment to these surfaces [10] [11] [12] [13] [14] [15] [16] [17] . A recent study by Kurtis et al suggested that 1, v 1, and v 5 integrins were responsible for chondrocyte adhesion to articular cartilage 17 . Their role in attachment to calcified cartilage or bone is not known.
Integrins are ubiquitous heterodimeric transmembrane proteins composed of one chain and one chain that participate in adhesion to a variety of extracellular matrix components 11, 15, 16 . Although at least 18 chains and eight chains have been identified in different cell types, chondrocytes have been shown to express only a restricted number of integrins such as 1 1, 2 1, 3 1, 5 1, 6 1, v 3, and v 5. Integrins combine with other proteins such as vinculin, which together form the focal adhesions that mediate cell adhesion 11, [18] [19] [20] . Formation of these structures activates signaling pathways that ultimately regulate gene expression 14 and could influence whether these cells will maintain their phenotype.
Although in vitro experimental studies have demonstrated chondrocyte attachment to cartilage, animal studies have suggested that the transplanted cells may not always be retained in the defect suggesting that attachment may be impaired [21] [22] [23] . Clearly the placement of the cells on the cartilage is important as is the duration of seeding time 24 , however it is possible that the state of chondrocyte differentiation (use of passaged cells) or the type of articular surface onto which the cells are implanted may also influence cell attachment. Depending on the depth of the cartilage defect the cells may be placed on hyaline cartilage, calcified cartilage or even bone if the calcified zone has been penetrated 3, 25, 26 . The purpose of this study was to determine whether different joint surfaces, such as hyaline cartilage (the mid-deep zone which might be the portion of cartilage that remains in a damaged joint), calcified cartilage or bone influences chondrocyte attachment. We also examined if integrins were involved in attachment to the different surfaces, whether focal adhesions were formed and the effect of the surfaces on actin organization in the cells as these can regulate gene expression. The expression of type II collagen and aggrecan core protein was also examined. Both freshly isolated (primary cells) and passaged chondrocytes were used in this study to determine whether this will influence cell attachment.
Materials and methods

MATERIALS
Fetal bovine serum (FBS) and protease were purchased from Sigma Chemical Co (St. Louis, MO, USA). Collagenase was from Boehringer Mannhein GmbH (Indianapolis IN). Tygon tubing was from Norton Performance Plastic Corporation (Akron, Ohio). The antibodies used for immunostaining were obtained from the following sources: rat monoclonal anti-human 1 integrin (AIIB2, Hybridoma Bank, IW); mouse monoclonal anti-human vinculin, control mouse and rat IgG1, FITC-conjugated goat anti-rat IgG antibody or goat anti-mouse IgG antibody (Sigma, St. Louise, MI). The antibodies used for the blocking experiments were obtained from: 1 integrin (4B4) and mouse IgG 1 (Coulter Immunology, Hialeah, FL); v 5 (LM609) and v 5 (P1F6) (Chemicon, Temecula, CA). Alexa Fluor 568-phalloidin and Syto-13 were from Molecular Probes (Eugene OR). The RNeasy kit was from Qiagen Inc (Valencia CA). ™First-strand Synthesis System for RT-PCR and the primers for type II collagen and aggrecan genes were purchased from GIBCO BRL (Gaithersburg MD, U.S.A). Perkin Elmer DNA thermal cycler 480 was used for the PCR.
GENERATING BONE PLUGS WITH DIFFERENT SURFACES
Plugs of cartilage and subchondral bone were handdrilled from bovine metacarpal-carpal joints under sterile conditions. The osteochondral plugs were 4 mm diameter×6 mm long. To generate plugs with a mid-deep zone cartilage surface, the upper third of the cartilage was removed using a scalpel. To generate plugs with a calcified cartilage surface only, the entire cartilage was removed with a single cut whereas to get plugs without a cartilage surface the full thickness cartilage including the calcified zone was removed to expose the subchondral bone. The plugs were washed vigorously with Ham's F12 and maintained in media for up to 24 h prior to cell seeding. The plugs were placed in tubing to create a 'well effect' in order to prevent the cells and media from spilling over the edge.
Random plugs were submitted for histology to assess the surfaces that had been generated. These plugs were fixed in 10% buffered formalin immediately upon removal of the surface, decalcified in 10% formic acid, and paraffin embedded. Sections were cut (5 µm), stained with toluidine blue, and examined by light microscopy to confirm the extent of cartilage removed. CELL CULTURE Articular cartilage was harvested from metacarpal-carpal bovine joints and the cartilage from several animals (between two to four calves) pooled together in order to be able to obtain sufficient cells for each experiment. Chondrocytes were isolated by sequential enzyme digestion as described previously 27 . The cells were allowed to recover in medium with serum for 20 min. They were then pelleted, washed three times in Ham's F12 (serum-free) and then placed on the top surface of the plugs at a density of 16×10 6 cells/cm 2 in serum-free Ham's F12. This cell density was selected as we observed in previous studies (unpublished data) that cells under these conditions would form cartilage tissue on the plug surface. The cells were cultured at 37°C under standard cell culture conditions for various times up to 24 h.
To obtain passaged cells, freshly isolated chondrocytes were plated at low cell density (3×10 3 /cm 2 ) in flasks and cultured in Ham's F12 supplemented with 5% FBS. The media was changed every other day. When the cells reached confluence (around day 14), cells were harvested using trypsin (0.05%) and allowed to recover for up to 3 h. The cells were washed and re-suspended in serum-free Ham's F12 media and placed on the top of the plugs as described above.
In the experiments evaluating the role of integrins on cell attachment, the cells were plated at a lower density (0.8×10 6 cells/cm 2 ). This was done to ensure that cell attachment was being examined. ATTACHMENT 
ASSAY
Before placing the cells on the plug surface, the chondrocytes were incubated with SYTO-13 (5 µM in PBS) for 30 min at 37°C to label the cells. The efficiency of labeling was confirmed by fluorescent microscopy prior to plug seeding. If at least 98% of cells were fluorescent the cells were used in the experiment. The cells were labeled with this fluorescent dye to ensure that only the cells that had been placed on the plugs were counted. After 24 h the plugs were gently washed (Ham's F12) to remove the unattached cells. The attached cells were harvested using collagenase (0.1%, 20 min) and counted using a hemocytometer and fluorescent microscopy. This method of retrieving cells was developed as we found that trypsin was ineffective in releasing all the cells consistently from the plug surface. To evaluate the efficiency of cell release, the plug surface was examined by fluorescent microscopy for the presence of residual fluorescent cells after the collagenase digestion. Unlabeled cells, when present amongst the harvested cells, comprised much less than 1% of the total cells. As an additional control, plugs that did not receive any chondrocytes were incubated in SYTO-13 for 30 min and then underwent identical collagenase treatment to determine whether any of the endogenous cells would take up the dye.
STAINING AND MICROSCOPY
After 24 h the cells attached to the plugs were fixed in 4% paraformaldehyde and permeablized with 0.2% Triton X-100. The multi-layer of cells was gently scraped off with the edge of a scalpel blade leaving behind the cells that were attached to the surface. This latter treatment had no effect on the cells that remain attached and was done to Osteoarthritis and Cartilage Vol. 12, No. 1facilitate evaluation of the cell-surface interface and eliminate non-specific sticking of the antibody. The samples were blocked with 3% goat serum and then incubated with antibody reactive with 1 integrin (rat monoclonal, 1:5 dilution) or vinculin (mouse monoclonal, 1:200 dilution) at room temperature for 1 h. After washing (PBS containing 0.2% Triton X-100), fluorescein isothiocyanate (FITC)-conjugated goat anti-rat IgG (1:300 dilution) or goat antimouse IgG (1:400 dilution), depending on the primary antibody, was applied for 1 h at room temperature. The negative control consisted of replacing the primary antibody with either rat or mouse IgG1 (depending on the primary antibody).
Actin microfilaments were visualized by staining the cells with Alexa Fluor 568-phalloidin (1:20 dilution in PBS) for 20 min at room temperature. For double stained experiments, the cells were incubated with phalloidin sequentially after antibody staining. The cells were washed with PBS containing 0.2% Triton X-100. The plug surface was mounted in Immuno Floure mounting medium and the cells were visualized either using confocal (Zeiss LSM 510) or deconvolution microscopy (Olympus 1X70). By scanning in step sections (Z series) it was possible to ensure that only the cells attached to the surface were examined.
EFFECT OF INTEGRIN BLOCKING ON CELL ATTACHMENT
To examine whether integrins were involved in chondrocyte attachment, the cells were pre-incubated with antibody that reacts with either 1, v 3 or v 5 integrins. These antibodies prevent ligand binding and block cell attachment 15, 17 . The freshly isolated or passaged cells were incubated with the following integrin blocking antibodies: 1 (4B4, 20 ug/ml), av 3 (LM609, 20 ug/ml) or av 5 (P1F6, 20 ug/ml) in Ham's F-12 containing 0.5% BSA, 20 mM HEPES and SYTO-13 at 4°C for 1 h with agitation. The cell suspension was then seeded on the different surfaces in the presence of the appropriate antibody. After 24 h the attached cells were harvested using collagenase and the number of fluorescent cells counted using a hemocytometer and fluorescent microscopy. Negative controls, which was done with each experiment, consisted of replacing the antibody with IgG1 (20 µg/ml, same isotype for all antibodies).
RT-PCR
Total RNA was extracted from the cells attached to the plugs 2, 6, and 24 h after being placed on the plug surface, using the Qiagen RNeasy kit, to determine expression levels of aggrecan core protein and type II collagen RNA. One microgram of total RNA underwent reversetranscription polymerase chain reaction (RT-PCR) using primers previously described 28 . The PCR was done in an automated thermal cycler for 26 cycles as follows: denaturation at 95°C for 30 s, annealing at 55°C for 60 s and elongation for 75 s at 72°C with a terminal cycle of 72°C for 5 min. An equal volume of the PCR product from each sample was loaded on a 1.5% agarose gel and was visualized by ethidium bromide staining. Photographs were obtained and levels of gene expression were semiquantitated using a densitometer. The results were normalized for the number of cells analysed. Each time point was done in triplicate. Three independent experiments were performed and the results were combined.
STATISTICAL ANALYSIS
Results are presented as the mean±the standard deviation (S.D.). Two-way analysis of variance (ANOVA) was used to determine the statistical significance. Significance was assigned at P<0.05.
Results
HISTOLOGY OF THE SURFACES OF THE BONE PLUGS
Histological sections of the plugs were stained with toluidine blue, which stains cartilage preferentially, and examined after processing by light microscopy to confirm the extent of the cartilage removed. As shown in Fig. 1 , a layer of mid-deep zone hyaline cartilage remained on the plugs with a cartilage surface, the calcified zone of cartilage was seen on the surfaces of the calcified cartilage-bone plugs and subchondral bone was seen on the surface of the bone plugs only. The cores of some trabeculae contained calcified cartilage but these were surrounded by bone and were not exposed to the cells. Occasional plugs with calcified cartilage or bone surfaces were incompletely covered by the desired surface. When this occurred it was only present focally and usually affected less than 5% of the surface available for cell attachment.
ATTACHMENT ASSAY
The percent of chondrocytes that adhered to the different plug surfaces was determined by counting the numbers of fluorescently-labeled cells removed from the plug surface 24 h after seeding and dividing that number by the initial number of cells placed onto the plug. As shown in Table I , similar percentages of freshly isolated cells attached to the different surfaces. This ranged from 88.8±3 to 90.8±4%. Similar percentages of passaged cells attached to the different surfaces. Although passaged chondrocytes showed a trend to a higher percent of cell attachment when compared to the freshly isolated cells, the differences were not significant. No fluorescently-labeled cells were obtained from the control plugs that had not received cells but had been incubated with the SYTO-13 dye.
DISTRIBUTION OF ACTIN, 1-INTEGRIN, AND VINCULIN IN CHONDROCYTES ATTACHED TO THE PLUGS
To examine whether chondrocytes express 1 integrin and formed focal adhesions when attached to hyaline or calcified cartilage and bone surfaces the adherent cells were stained for 1 integrin, actin and vinculin, components of focal adhesions. The freshly isolated chondrocytes that had been stained for actin and examined by confocal microscopy appeared round or polygonal in shape and demonstrated a ring-like subcortical distribution of actin. By deconvolution microscopy the cells, in some of the planes of imaging, showed a punctate actin distribution in keeping with a network of actin filaments. The ring-like actin organization was present in the cells attached to all three surfaces [ Fig. 2 (A-C) ]. This differed from the passaged chondrocytes where the cells were an admixture of round and spread cells and the actin filaments were visible both as fibrils at the periphery of the cells and as clusters randomly distributed in the cytoplasm. Occasional spread cells had stress fibers. Similar actin organization was seen in the passaged cells attached to the different surfaces [ Fig. 2  (D-F) ].
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Deconvolution microscopy showed that both primary and passaged chondrocytes expressed 1 integrin and vinculin in a punctate distribution associated with the cell membrane which in areas co-localized with actin ( Fig. 3 and Fig.  4 ). These were also present at the bottom of the cells where they attached to the plug surface [ Fig. 3 (B and D) and Fig. 4) ]. This suggested that focal adhesions were present and were seen in the cells attached to all three different surfaces. Interestingly in the passaged cells the spread cells also had elongated focal adhesions, a feature not seen in the primary cells.
INTEGRINS AND CHONDROCYTE ATTACHMENT
To investigate the role of integrins in the attachment of chondrocytes to the plug surfaces, the cells were exposed to an antibody that was reactive with either 1 integrin or v 3 or v 5 and then placed on the plug surface in the presence of the same antibody. As summarized in Fig. 5 , adhesion of either freshly isolated (A) or passaged chondrocytes (B) to the three surfaces was partially inhibited in the presence of either 1 or v 5 blocking antibody. The percent inhibition ranged from 27 to 34% for 1 and 27 to 29% for v 5 for the primary cells. There appeared to be greater inhibition of attachment of passaged cells ranging from 41 to 48% for 1 and 26 to 37% for v 5 when compared to primary chondrocytes. However these differences were not significant. Treatment of the cells with antibody that blocks v 3 had no effect on adhesion.
EFFECT OF THE DIFFERENT SURFACES ON CHONDROCYTE GENE EXPRESSION
To determine whether placing the cells on the different surfaces influenced gene expression, the levels of aggrecan core protein and type II collagen mRNA were evaluated semi-quantitatively by RT-PCR. PCR performed at different cycle numbers showed that the PCR products were in the linear range between 25 to 35 cycles. All of the analyses were done at 26 cycles. Freshly isolated and passaged chondrocytes express type II collagen and aggrecan core protein mRNA by 2 h after seeding. The levels of expression are higher in the primary cells than the passaged cells at all time points. No differences in expression of these two genes were seen in chondrocytes 2, 6 or 24 h after attachment to hyaline cartilage, calcified layer, or bone surfaces (Fig. 6) .
To ensure that we were examining RNA extracted from chondrocytes that had been placed on the plug, plugs that had not been seeded with chondrocytes were subjected to RNA extraction and RT-PCR. No expression of aggrecan core protein or type II collagen RNA was detected indicating that any gene expression observed was from the cells placed on the plugs.
Discussion
This study demonstrated that freshly isolated and passaged chondrocytes can adhere to hyaline or calcified cartilage or bone. 1 and v 5 integrins appears to be involved in the attachment to these surfaces. The cells that attach can form focal adhesions. The chondrocytes express type II collagen and aggrecan core protein during the first 24 h after the placement of the cells on the different surfaces. The expression of these genes is detected as early as 2 h and does not appear to be influenced by the surface to which the cells are attached.
The type of surface did not appear to influence cell attachment as similar percentages of cells were retained on the three surfaces during the first 24 h. Furthermore both primary cells and passaged cells were able to adhere to these surfaces. It is possible that there was an overestimation of cell attachment to the bone because there might have been a greater surface area available for attachment. These plugs had focal areas where the surface was not continuous because of the porous nature of bone [see edge of Fig. 1 (C) ]. This could have allowed some flow through of cells into the pores of the bone. Also it is possible that the percentages of cell attachment to the different surfaces were similar because some of the calcified and bone plugs were incompletely covered with the desired surface. However this was considered unlikely as most of the plugs that were examined appeared to have the appropriate surface. When remnants of cartilage remained on the plug surface it represented only a small part of the available surface, as determined by the random histological evaluation of the plugs. At least 15 plugs in five independent experiments were assessed for each experimental condition to minimize the effect of this factor. The observation that chondrocytes can attach to cartilage is in keeping with results from other studies showing that passaged articular chondrocytes can attach to fresh, frozen and lyophilized articular cartilage in vitro [7] [8] [9] [10] . However, in none of those studies did they examine whether chondrocytes could attach to the calcified zone of cartilage or bone. Under the conditions used in this study integrins appeared to be involved in chondrocyte attachment to joint surfaces. 1 and v 5 contributed to chondrocyte adhesion whereas v 3 did not. This is in keeping with studies by Kurtis et al. who also demonstrated the involvement of similar integrins in the attachment of passaged human chondrocytes to cartilage slices 17 . Although the plug surfaces differ in composition, the chondrocytes appeared to use similar integrins to attach to them all. The exact nature of the ligand(s) involved in these interactions are not known. Integrins have been shown to recognize a wide variety of proteins, such as collagens, fibronectin, and osteopontin 11, 15, 16 . These macromolecules are present in the surfaces examined so although different the appropriate ligands for integrin mediated attachment are present in all of them.
Further studies are required to determine the exact roles of 1 and v 5 in cell adhesion and whether they interact during this process. For example it has been shown that blocking 5 1 prevented chondrocyte spreading on fibronectin 29 and perhaps this is the mechanism by which 1 affected attachment. Nevertheless preventing v 5 or 1 integrin-ligand interactions did not completely prevent chondrocyte attachment. There are several possible explanations for this. Firstly, chondrocyte adhesion could be influenced by a variety of technical factors related to the assay itself, including the amount of time allowed for attachment, the amount of antibody used relative to the cell number or the sensitivity and specificity of the adhesion assay 9, 15 . Secondly, the culture conditions utilized in the study may influence attachment. Thirdly, other types of integrins, not evaluated in this study, may also contribute to attachment. Alternatively other chondrocyte receptors, such as CD44 and annexin V, which bind to matrix molecules may be involved 13, 14, 30, 31 . This is considered less likely as previous work showed that blocking CD44 or annexin V had no detectable effect on bovine chondrocyte adhesion to hyaline cartilage 10 . However this does not rule out a role for these receptors in mediating attachment to calcified cartilage or bone. Finally it is possible that the extracellular matrix proteins may bind to more than one type of adhesion molecule 32 .
The chondrocytes, both the freshly isolated and passaged cells, formed focal adhesions after attachment to the different surfaces. These contacts were visualized by both confocal and deconvolution microscopy after staining for 1 integrin, vinculin and actin. This was not unexpected as chondrocytes in native cartilage have focal adhesions [33] [34] [35] . Others have also reported their presence in chondrocytes attached to materials 36 . The adhesions present in the primary cells appeared smaller than those seen in passaged chondrocytes. Reddi et al. also observed small focal adhesions in chondrocytes in suspension (agarose coated dishes) culture as compared to cells grown in monolayer 37 . The significance of these smaller adhesions and their relationship to focal contacts, which have been described in other cell types, is not clear 38 . Nevertheless these contacts are functional as inhibition of 1 integrin binding decreased cell attachment to the surface.
Chondrocytes placed on the three surfaces expressed type II collagen and aggrecan core protein within 2 h. The type of surface did not seem to influence the gene expression as similar levels were seen in chondrocytes up to 24 h after attachment to hyaline or calcified cartilage or bone. Primary chondrocytes had higher levels of expression when compared to passaged cells and this did not appear to be influenced by the type of surface on to which they are placed. This suggests that factors other than the type of surface to which the cells attach will effect the gene expression of these two molecules. For example the organization of the actin cytoskeleton may regulate gene expression 39 . Brown and Benya showed that dedifferentiated chondrocytes can be induced to re-express type II collagen when incubated with cytochalasin under conditions that modify actin filament organization 40 . Interestingly we observed that actin mRNA levels increased in both primary and passaged cells over time (data not shown), the significance of which is not known but may indicate an ongoing role for actin in chondrocytes.
In summary, this study suggests that chondrocytes, either freshly isolated or cells that have been passaged once, have the potential to adhere to the different joint surfaces that could be exposed in a cartilage defect. Furthermore the cells that attach to these surfaces do so in part through 1 and v 5 integrins. The cells express type II collagen and aggrecan RNA within 2 h of placement of the cells on the surfaces. Actin organization in the cells and gene expression of type II collagen and aggrecan core protein appeared to be influenced more by the state of differentiation of the cells (passaged vs freshly isolated) than the surface on to which they were placed within the first 24 h. Further experimentation is required to delineate the entire mechanism of attachment and whether the chondrocytes behave similarly when implanted in vivo. Understanding how chondrocytes adhere and interact with damaged joint surfaces may help identify methods to enhance the retention of transplanted cells in the defect site and accumulation of matrix molecules.
